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Systemic acquired resistance (SAR) is a form of
resistance that protects plants against a broad spec-
trum of secondary infections. However, exploiting
SAR for the protection of agriculturally important
plants warrants a thorough investigation of the
mutual interrelationships among the various signals
that mediate SAR. Here, we show that nitric oxide
(NO) and reactive oxygen species (ROS) serve as
inducers of SAR in a concentration-dependent
manner. Thus, genetic mutations that either inhibit
NO/ROS production or increase NO accumulation
(e.g., a mutation in S-nitrosoglutathione reductase
[GSNOR]) abrogate SAR. Different ROS function
additively to generate the fatty-acid-derived azelaic
acid (AzA), which in turn induces production of the
SAR inducer glycerol-3-phosphate (G3P). Notably,
this NO/ROS/AzA/G3P-induced signaling func-
tions in parallel with salicylic acid-derived signaling.
We propose that the parallel operation of NO/ROS
and SA pathways facilitates coordinated regulation
in order to ensure optimal induction of SAR.
INTRODUCTION
Cell-to-cell communication and long-distance signaling play a
key role in the induction of broad-spectrum disease resistance
in plants, commonly known as systemic acquired resistance
(SAR). SAR involves the generation of a signal (or signals) in
the primary leaves that upon translocation to the distal tissues
activates defense responses resulting in broad-spectrum resis-
tance. Production of this phloem-based mobile signal occurs
within 6 hr of pathogen infection in the primary leaves (Chanda
et al., 2011), and the signal is rapidly transferred to the distal
uninfected tissues (Kachroo and Robin, 2013).
Several chemicals that contribute to SAR have been identified
(reviewed in Shah and Zeier, 2013; Kachroo and Robin, 2013;
Gao et al., 2014), including the phytohormone salicylic acid
(SA), its methylated derivative MeSA, the dicarboxylic acid
azelaic acid (AzA), and the phosphorylated sugar glycerol-3-
phosphate (G3P). In addition, SAR is also dependent on the348 Cell Reports 7, 348–355, April 24, 2014 ª2014 The Authorslipid-transfer-like proteins (LTPs) Defective in Induced Resis-
tance (DIR1) (Maldonado et al., 2002; Chanda et al., 2011; Cham-
pigny et al., 2011; Yu et al., 2013) and AzA insensitive (AZI1)
(Jung et al., 2009), as well as physical factors such as the plant
cuticle (Xia et al., 2009, 2010, 2012). In contrast to SA, MeSA,
and G3P, genetic evidence supporting the absolute requirement
for AzA biosynthesis in SAR remains lacking. AzA is derived from
the hydrolysis of 18 carbon (C) fatty acids (FAs) containing a
double bond at C9 (Zoeller et al., 2012; Yu et al., 2013). Thus,
oleic (18:1), linoleic (18:2), and linolenic (18:3) acids all serve as
precursors for AzA. This precursor redundancy and the depen-
dence of plant health on precursor FAs complicate efforts to
test the absolute requirement for AzA in SAR.
The diverse chemical nature of SAR-inducing chemicals has
led to a growing belief that SARmight involve an interplay among
multiple diverse and independent signals (Dempsey and Klessig,
2012). Since metabolic networks often operate as branched
pathways, these chemical signals are likely to participate in
one or more signaling cascades that eventually merge to induce
SAR. Indeed, recent findings that AzA acts upstreamofG3P sug-
gest that SAR involves synchronized signaling from diverse
signaling chemicals (Yu et al., 2013). However, the relationship
between AzA/G3P and SA, which is thought to act at a down-
stream step in the SAR pathway, remains unknown. Here, we
show that SA acts in parallel with two chemical signals, nitric
oxide (NO) and reactive oxygen species (ROS), and the simulta-
neous activation of both SA- and NO/ROS-mediated pathways
is essential for the normal induction of SAR. We further show
that NO/ROS act upstream of AzA/G3P, and ROS-mediated
chemical cleavage of FAs plays an important role in the induction
of SAR. Our data elucidate the interrelationships among these
diverse chemicals and provide a possible mechanism for the
coordinated induction of SAR.
RESULTS AND DISCUSSION
Exogenous Application of an NO Donor Confers SAR
Basal SA is essential for AzA- and G3P-mediated SAR (Jung
et al., 2009; Chanda et al., 2011; Yu et al., 2013), whereas NO is
known to function upstream of SA (Durner et al., 1998). Further-
more, 18:1 FA, which can serve as a precursor for AzA and
thereby induce G3P biosynthesis, also regulates NO levels
via its associationwith theNOAssociated 1 (NOA1) protein (Man-
dal et al., 2012). This suggests a possible link between NO- and
Figure 1. NO Confers SAR in a Dose-
Dependent Manner
(A) SAR response in distal leaves of WT Col-0
plants treated locally with MgCl2, avirulent
pathogen (avrRpt2), SULFO-NONOate, DETA-
NONOate, or SNP (100 mM each). The virulent
pathogen (DC3000) was inoculated 24 hr after
local treatments. Error bars indicate SD (n = 4).
(B) SAR response in distal leaves of WT Col-0
plants treated locally with MgCl2, avirulent
pathogen (avrRpt2), SULFO-NONOate, or DETA-
NONOate (100 mM each), with or without c-PTIO
(500 mM). The virulent pathogen (DC3000) was
inoculated 24 hr after local treatments. Error bars
indicate SD (n = 4).
(C) SAR response in distal leaves of WT Col-0
plants treated locally with MgCl2, avirulent path-
ogen (avrRpt2), SULFO-NONOate (100 mM each)
and different concentrations of DETA-NONOate
(1–300 mM). The virulent pathogen (DC3000) was
inoculated 24 hr after local treatments. Error bars
indicate SD (n = 4).
(D) SAR response in distal leaves of Col-0 and
gsnor1 plants treated locally with MgCl2, avirulent
pathogen (avrRpt2), SULFO-NONOate, or DETA-
NONOate (100 mM each). The virulent pathogen
(DC3000) was inoculated 24 hr after local treat-
ments. Error bars indicate SD (n = 4).
(E) SAR response in distal leaves of Col-0 and
nox1 plants treated locally with MgCl2 or aviru-
lent pathogen (avrRpt2). The virulent pathogen
(DC3000) was inoculated 24 hr after local treat-
ments. Error bars indicate SD (n = 4).
(F) SAR response in distal leaves of Col-0 plants
treated locally with MgCl2, avirulent pathogen
(avrRpt2), SULFO-NONOate, or DETA-NONOate
(100 mM each). The virulent pathogen (DC3000)
was inoculated at the indicated hours after local
treatments. Error bars indicate SD (n = 4).
Asterisks denote significant differences with
mock-treated plants (t test, p < 0.05) and results
are representative of three independent experi-
ments. See also Figure S1.FA/AzA/G3P-mediated SAR. We investigated such a con-
nection by analyzing NOA1 levels in pathogen-infected plants.
Interestingly, the NOA1 protein accumulated in both local and
distal tissues in response to infection by Pseudomonas syringae
pv tomato (Pst) (Figure S1A). Furthermore, NOA1 levels in distal
tissues were consistently higher than those in infected leaves.
Then, a time-course analysis of NO levels was carried out with
the NO-sensitive dye 4-amino-5-methylamino-2,7-difluorofluor-
escein diacetate (DAF-FM DA; Balcerczyk et al., 2005). Confocal
microscopy of Pst-infected leaves detected increased DAF-FM
DA staining at 6, 12, and 24 hr postinoculation (hpi) (detected
as green fluorescence) compared with mock-inoculated plants
(Figure S1B), with a maximum increase at 12–24 hpi. A lower
but clear increase in NO levels was also detected in the distal
(uninoculated) leaves, with peak levels detected at 12 hpi (Fig-
ure S1B). The microscopy data correlated well with in vitro fluo-
rescence measurements when the corresponding leaf tissue
extractswere incubatedwithDAF-FMDA (Figure S1C). NOaccu-mulation was further confirmed by performing an alternate assay
with a copper-based Cu-FL fluorescent probe, which reacts
directly with NO (Lim et al., 2006; Rasul et al., 2012; Figure S1D).
We next testedwhether the rapidly accumulating NOmight serve
as a signal for SAR. For this purpose, we preinfiltrated wild-
type (WT) plants (ecotype Col-0) with MgCl2, Pst avrRpt2, the
NO donors 2-(N,N-diethylamino)-diazenolate-2-oxide (DETA-
NONOate) and sodium nitroprusside (SNP), or the nitrous oxide
donor SULFO-NONOate (negative control). The distal leaves of
all plants were then challenged with a virulent strain of Pst
(DC3000) and the growth of Pst DC3000 was monitored at
0 and 3 dpi. WT plants previously infected with Pst avrRpt2 con-
tained 10- to 15-fold less Pst DC3000 compared with MgCl2
preinfiltrated plants (Figure 1A). Notably, preinfiltration of either
DETA-NONOate or SNP, but not SULFO-NONOate, significantly
reduced thegrowthofPstDC3000 (Figure 1A).We then tested the
effect of the NO scavenger 2-(4-carboxyphenyl)-4,5-dihydro-
4,4,5,5-tetramethyl-1H-imidazolyl-1-oxy-3-oxide (cPTIO) onCell Reports 7, 348–355, April 24, 2014 ª2014 The Authors 349
this response. Cotreatment with cPTIO abolished both Pst
avrRpt2- and DETA-NONOate-induced SAR, further reinforcing
the importance of NO in SAR (Figure 1B). These results are
consistent with the previously proposed role for NO in SAR
against tobacco mosaic virus (Song and Goodman, 2001).
Since NO can function in a dose-dependent manner in animal
systems (Wink et al., 2011), we tested whether higher or lower
doses affected the SAR-inducing ability of NO. SAR was
assessed as before in response to preinfiltration of 1–300 mM
DETA-NONOate in Col-0 plants. SARwas progressively stronger
(as detected by a decrease in Pst DC3000 proliferation) in plants
infiltrated with increasing concentrations (up to 100 mM) of
DETA-NONOate (Figure 1C). Interestingly, however, higher con-
centrations (300 mM) of DETA-NONOate not only failed to further
enhance SAR but also consistently induced significantly weaker
SAR. SAR induced by 300 mMDETA-NONOate was comparable
to that induced by 10 mM DETA-NONOate. This suggested that
NO induced SAR in a concentration-dependent manner. We
tested this further by evaluating SAR in genetic mutants (S-nitro-
soglutathione reductase [gsnor1] and NO overproducer [nox1])
that constitutively accumulate elevated levels of NO (Figures
1D, 1E, and S1E; He et al., 2004; Blaise et al., 2005). Both mu-
tants were compromised in SAR (Figures 1D and 1E). Moreover,
exogenous application of DETA-NONOate failed to induce SAR
in the gsnor1 plants (Figure 1D). This is consistent with the pos-
itive regulatory role of GSNOR1 in plant defense (Feechan et al.,
2005). Intriguingly, in contrast to the defective SAR of gsnor1
plants, antisense downregulation of GSNOR1 was shown to
confer increased disease resistance (Ruste´rucci et al., 2007).
The opposing effects of knockout versus silencing of GSNOR1
are thought to be due to a partial reduction in GSNOR1 activity
in silenced plants as opposed to the complete loss of function
in knockout plants (Espunya et al., 2012). This in turn is consis-
tent with the fact that NO confers SAR in a concentration-depen-
dent manner.
To determine the time frame of NO efficacy, we assessed SAR
at different times after treatment with 100 mM DETA-NONOate.
WT plants were infiltrated with DETA-NONOate; their distal
leaves were inoculated with Pst DC3000 at 6, 12, 24, or 48 hr
after DETA-NONOate infiltration; and Pst DC3000 growth was
monitored at 0 and 3 dpi. As expected, treatment with SULFO-
NONOate was ineffective at inducing SAR or increasing NO
levels in the local or distal leaves (Figures 1F, S2A, and S2B).
In contrast, pretreatment with DETA-NONOate induced strong
SAR and was most effective when applied 24 hr before Pst
DC3000 infection in the distal leaves, but not after 48 hr (Fig-
ure 1F). This correlated well with the time frame of NO accumu-
lation in response to DETA-NONOate treatment in the treated
and distal leaves (Figures S2A and S2B). SULFO-NONOate or
DETA-NONOate treatment resulted in an insignificant induction
of SA-responsive PR-1 expression in comparison with Pst
avrRpt2 infection (Figure S2C). These data suggest that DETA-
NONOate-induced NO likely does not induce SAR by inducing
the SA pathway.
noa1 nia1 and noa1 nia2Plants ShowCompromised SAR
To determine the source of the SAR-inducing NO during path-
ogen infection, we analyzed SAR in the NO-accumulating and350 Cell Reports 7, 348–355, April 24, 2014 ª2014 The Authorsbiosyntheticmutants noa1 and nia1 nia2, respectively (Crawford,
2006; Mandal et al., 2012). Notably, the noa1 and nia1 nia2 mu-
tants were able to induce SAR, although this SAR was slightly
less robust than in WT plants (Figure 2A). Our previous data
showed that NO synthesis/accumulation was more significantly
compromised in noa1 nia1 and noa1 nia2 double mutants, so we
analyzed these mutants for SAR (Mandal et al., 2012). Interest-
ingly, and unlike noa1 or nia1 nia2, the noa1 nia1 and noa1
nia2 plants were unable to induce SAR (Figure 2A), and this
correlated with their inability to accumulate detectable NO in
response to pathogen infection (Figures S1D, S2D, and S2E).
Together, these results provided crucial genetic evidence sup-
porting the role of NO in SAR. All further analysis was carried
out using noa1 nia2 plants. We next assayed whether the lack
of NO affected SAR signal generation or perception. For this pur-
pose, we collected petiole exudates (EX) from WT (Col0EX) and
noa1 nia2 (noa1 nia2EX) plants that were preinfiltrated with either
MgCl2 (EXMgCl2) or Pst avrRpt2 (EXAVR), and infiltrated them
into a fresh set of WT and noa1 nia2 plants (Figure 2B). The distal
leaves of all plants were inoculated with Pst DC3000 24 hr later,
and the growth of PstDC3000 wasmonitored at 0 and 3 dpi (Fig-
ure 2B). noa1 nia2EX AVR was unable to confer SAR in either WT or
noa1 nia2 plants. In contrast, Col0EXAVR induced normal SAR in
both WT and noa1 nia2 plants (Figure 2B). Together, these data
suggested that the impaired SAR in noa1 nia2 plants was asso-
ciated with their inability to generate SAR-inducing signal(s),
which in turn was likely due to a defect in pathogen-responsive
NO generation.
Since SA is an essential component of SAR and is proposed to
function downstream of NO (Durner et al., 1998), we assayed
PR-1 levels inWT and noa1 nia2 plants in response to Col0EXAVR
and noa1 nia2EXAVR. Both
Col0EXAVR and
noa1 nia2EXAVR induced
similar levels of PR-1 expression inWT and noa1 nia2 plants (Fig-
ure 2C). Although noa1 nia2EXAVR induced slightly reduced PR-1
expression in noa1 nia2 plants, it triggered PR-1 expression on
WT plants similar to that observed for Col0EXAVR. This was
consistent with the WT-like SA and SA glucoside levels in the
local and distal leaves of pathogen-infected noa1 nia2 plants
(Figure 2D). Together, these results suggested that compro-
mised SAR in noa1 nia2 plants was not associated with a defect
in SA biosynthesis or response.
To assess how SA and NO are related in SAR (if at all), we first
tested the possibility of a linear relation (upstream or down-
stream from each other; see models A and B in Figure S2F). If
SA functioned downstream of NO in a linear pathway or in paral-
lel to NO, we expected that exogenous SA would restore SAR in
the noa1 nia2 plants. SA, MgCl2, or Pst avrRpt2 were infiltrated
into WT and noa1 nia2 plants, followed by Pst DC3000 infection
in the distal leaves 24 hr later. Monitoring Pst DC3000 prolifera-
tion at 0 and 3 dpi showed that localized application of SA
induced SAR in WT, but not noa1 nia2, plants (Figure S3A). Like-
wise, localized application of the SA derivative MeSA or MeSA+
Pst avrRpt2 induced SAR in WT, but not noa1 nia2, plants (Fig-
ure S3B). We next assayed resistance in noa1 nia2 plants after
whole-plant treatment with SA. Whole-plant application of SA
only slightly enhanced resistance to Pst DC3000 (Figure S3C),
suggesting that the noa1 nia2 plants might be insensitive to
SA. However, the SA-treated noa1 nia2 plants were able to
Figure 2. NO Biosynthesis Mutants Show
Comprised SAR but Accumulate Normal
SA Levels
(A) SAR response in distal leaves of Col-0 and
indicated mutants treated locally with MgCl2 or
avirulent pathogen (avrRpt2). The virulent path-
ogen (DC3000) was inoculated 48 hr after local
treatments. Error bars indicate SD (n = 4).
(B) SAR response in Col-0 and noa1 nia2 plants
infiltrated with petiole exudates collected from
Col-0 or noa1 nia2 plants that were treated either
with MgCl2 (EXMgCl2) or avrRpt2 (EXavrRpt2). The
distal leaves were inoculated with virulent path-
ogen at 48 hr after infiltration of primary leaves.
Error bars indicate SD (n = 4).
(C) RNA gel blot showing transcript levels of PR-1
in Col-0 and noa1 nia2 leaves infiltrated with
petiole exudates collected from Col-0 (upper
panel) or noa1 nia2 (lower panel) plants that were
treated either with MgCl2 (EXMgCl2, first lane) or
avrRpt2 (EXavrRpt2, second lane). Leaves were
sampled 24 or 48 hr after treatments. Ethidium
bromide staining of rRNA was used as loading
control.
(D) SA (left panel) and SAG (right panel) levels in
mock- (MgCl2) or avirulent pathogen-inoculated
(avrRpt2) local and distal leaves of Col-0 and noa1
nia2 plants 48 hr after inoculation.
In (A), (B), and (D), asterisks denote significant
differences compared with ethanol-treated plants
(t test, p < 0.05). Results are representative of two
(C and D) or three (A and B) independent experi-
ments. Error bars indicate SD (n = 4). See also
Figure S2.induce similar levels of PR-1 expression as WT plants, indicating
otherwise (Figure S3D). Together, these results suggested that
SA does not function downstream of NO in the SAR pathway.
We next tested the alternate possibility that NO functions down-
stream of SA. For this purpose, we tested the ability of DETA-
NONOate to induce SAR in mutants defective in accumulation
of SA (sid2 and eds5) or MeSA (bsmt1), and defective in SA
signaling (npr1 and pad4). DETA-NONOate, which induced
SAR in WT plants, did not induce SAR in sid2, eds5, bsmt1,
npr1, or pad4 (Figure S3E). This ruled out the possibility that
NO functions downstream of SA. Together, these results sug-
gest that NO and SA confer SAR via independent pathways
(model C in Figure S2F). This model is further strengthened by
the fact that plants cotreated with both SA and DETA-NONOate
showed stronger SAR (Figure S3F), and that sid2 and noa1 nia2Cell Reports 7, 348–3mutants accumulated normal levels of
NO and SA (Figures 2D, S1D, and S3G),
respectively.
ROS Is Required for SAR and
Operates in a Feedback Loop
with NO
Since NO is intricately connected to ROS
(Scheler et al., 2013), we next assessed
whether ROS induced SAR. WT plantswere preinfiltrated with water or H2O2, the distal leaves of all
plants were challenged with Pst DC3000, and bacterial growth
was monitored at 0 and 3 dpi. Plants preinfiltrated with H2O2,
but not water, showed significantly reduced bacterial growth,
and this was comparable to the growth of Pst DC3000 in plants
preinfected with Pst avrRpt2 (Figure 3A). This suggested that,
like NO, H2O2 was a potent inducer of SAR in WT plants. To
determine the dose-response relationship, we assayed SAR
following localized preinfiltration of 5–1,500 mM H2O2 in WT
plants. As with NO, preinfiltration of lower concentrations of
H2O2 (5–500 mM) induced progressively stronger SAR, whereas
a higher concentration (1.5 mM) was less effective (Figure 3A).
This suggested that, as with NO, H2O2-triggered SAR was con-
centration dependent. To determine the time frame of H2O2 effi-
cacy, SAR was assessed at different times (6, 12, 24, or 48 h)55, April 24, 2014 ª2014 The Authors 351
Figure 3. ROS Are Required for SAR in a
Dose-Dependent Manner
(A) SAR response in distal leaves of WT Col-0
plants treated locally with MgCl2, avirulent path-
ogen (avrRpt2), and different concentrations of
H2O2. The virulent pathogen (DC3000) was inoc-
ulated 24 hr after local treatments.
(B) SAR response in distal leaves of Col-0 plants
treated locally with MgCl2, avirulent pathogen
(avrRpt2), or H2O2 (500 mM each). The virulent
pathogen (DC3000) was inoculated at the indi-
cated hours after local treatments.
(C) SAR response in distal leaves of Col-0 and rboh
mutants treated locally with MgCl2, avirulent
pathogen (avrRpt2), SULFO-NONOate, or DETA-
NONOate (100 mM each). The virulent pathogen
(DC3000) was inoculated 24 hr after local treat-
ments.
(D) ESRS spectra showing superoxide anion
radical levels in distal leaves of mock- and
avrRpt2-inoculated Col-0, rboh, and noa1 nia2
plants. The leaves were sampled at 24 hpi and
EMPO was used as the spin trap.
(E) SAR response in distal leaves of Col-0 and
noa1 nia2 plants treated locally with MgCl2, avir-
ulent pathogen (avrRpt2), or H2O2 (500 mM each).
The virulent pathogen (DC3000) was inoculated
24 hr after local treatments.
(F) SAR response in distal leaves of Col-0 and
rbohF plants treated locally with MgCl2, avirulent
pathogen (avrRpt2), or SA (500 mM). The virulent
pathogen (DC3000) was inoculated 48 hr after
local treatments.
In (A)–(C), (E), and (F), asterisks denote significant
differences compared with mock-treated plants
(t test, p < 0.05). Results are representative of two
(D) or three (A–C, E, and F) independent experi-
ments. Error bars indicate SD (n = 4). See also
Figure S3.following localized infiltration of 500 mMH2O2. As with NO, H2O2-
inducible SAR was detected only up to 24 hr after application,
with maximum efficacy at 24 hr (Figure 3B). Thus, NO and
H2O2 have common characteristics in terms of dose response
and time of efficacy for SAR. This was further supported by a
comparison of microarray data sets from NO- and H2O2-treated
plants: 94 of 148 NO-responsive genes were also upregulated by
H2O2 (Table S1; Parani et al., 2004). In contrast, only one of the
NO-induced genes was induced in response to exogenous SA
(At5g34500) and this gene was not induced by H2O2 (Table S2).
To test whether the H2O2-induced SAR was biologically rele-
vant, we assayed SAR in mutants (respiratory burst oxidase ho-
mologs [rboh]) defective in ROS production (Torres et al., 2002;
Sagi and Fluhr, 2006). The Arabidopsis genome encodes ten
RBOH homologs, but only two of these (RBOHD and RBOHF)
are expressed throughout the plant (Sagi and Fluhr, 2006).
Therefore, we tested SAR in these mutants. In the majority of352 Cell Reports 7, 348–355, April 24, 2014 ª2014 The Authorsour experiments (four of six), both rbohF
and rbohD were defective in SAR. How-
ever, in two of six experiments, rbohD
showed weak SAR (Figure 3C). Pathogeninoculation induced similar levels of PR-1 expression in infected
and distal tissues of Col-0 and both rboh mutants (Figure S3H).
Furthermore, the rboh mutants were responsive to SA and
induced WT-like levels of PR-1 (Figure S3I). Together, these re-
sults suggested that the defective SAR in the rboh mutants
was not due to a defect in the SA pathway.
Wemonitored ROS levels in local and distal tissues of the rboh
mutants to determine whether their compromised SAR corre-
lated with the defect in ROS levels. We used electron spin reso-
nance spectrometry (ESRS) and spectrofluorometry to first
quantify free radicals generated in response to mock inoculation
and Pst avrRpt2 infection in WT plants. Pst avrRpt2 infection
induced H2O2 accumulation in infected and distal tissues of
WT plants at 12 and 24 hpi (Figure S3J). Likewise, ESRS using
a-(4-Pyridyl N-oxide)-N-tert-butylnitrone (POBN), which detects
hydroxyl- and carbon-centered radicals, revealed increased
accumulation of free radicals in local and distal tissues of Pst
avrRpt2-infected WT plants (Figure S3K). However, unlike H2O2,
which accumulated to similar levels in local and distal tissues of
WT plants, the highest levels of POBN-trapped free radicals
were detected at 12 hpi in local tissues and at 24 hpi in distal
tissues (Figure S3K). Quantification of POBN-trapped free
radicals in local and distal tissues of rboh plants showed signif-
icantly reduced levels (Figure S3L), which correlated with
their compromised SAR. Similarly, pathogen-inoculated rboh
mutants did not accumulate superoxide anion radicals, as
measured using a 2-ethoxycarbonyl-2-methyl-3,4-dihydro-2H-
pyrrole-1-oxide (EMPO) spin trap (Figure 3D).
We monitored ROS levels in noa1 nia2 plants to determine the
relationship between NO and ROS during SAR. Interestingly,
similar to what was observed for rboh mutants, pathogen-in-
fected noa1 nia2 plants also accumulated reduced levels of
H2O2, hydroxyl- and carbon-centered radicals, and superoxide
anion radicals (Figures 3D, S3J, and S3L). This result suggested
that NOA1- and NIA2-derived NO is essential for generating
pathogen-inducible ROS, and that ROS likely functions down-
stream of NO. Consistent with this assumption, localized appli-
cation of ROS conferred SAR in noa1 nia2 plants (Figure 3E),
whereas DETA-NONOate did not confer SAR on the rboh mu-
tants (Figure 3C). Furthermore, localized application of SA was
also unable to induce SAR in the rbohF plants (Figure 3F). This
further supports our hypothesis that NO-ROS and SA comprise
two distinct branches of the SAR pathway. We next assayed
NO levels in the rbohF mutant to determine whether NO and
ROS operated in a feedback loop. Interestingly, pathogen infec-
tion did not induce detectable NO in rbohF plants (Figures S1D
and S3M). This suggested that NO and ROS were likely interde-
pendent for accumulation during SAR. This was further sup-
ported by the result that localized H2O2 application induced
the NOA1 protein in both treated and distal tissues (Figure S3N).
ROS Act Additively to Mediate Chemical Hydrolysis of
C18 Unsaturated FAs
To obtain further insights into NO/ROS-mediated SAR, we first
determined the ability of NO/ROS to confer SAR in mutants
defective in the biosynthesis of the SAR inducer G3P or the co-
signaling LTPs DIR1 and AZI1 (Yu et al., 2013). Exogenous NO
did not induce SAR in theG3P biosyntheticmutant gli1 (defective
in glycerol kinase activity) or thedir1 and azi1mutants (Figure 4A).
This suggested that NO/ROS likely function upstream of G3P
and DIR1/AZI1. Consistent with this assumption, exogenous
G3P was able to confer SAR in noa1 nia2 and rbohF plants (Fig-
ure 4B), suggesting a linear connection between NO/ROS and
G3P in SAR. Indeed, pathogen infection induced G3P levels in
WT, but not noa1 nia2, plants (Figure 4C). Since the dicarboxylic
acid AzA functions upstream of G3P to induce SAR (Yu et al.,
2013), it was possible that reduced G3P levels in noa1 nia2
plants were associated with a defect in AzA accumulation in
the local leaves or its uptake into the distal leaves. We tested
this by determining the metabolism and transport of 14C-AzA
into local and distal leaves, respectively. Thin-layer chromatog-
raphy of methylated leaf extracts prepared from 14C-AzA-infil-
trated leaves showed a WT-like banding pattern in noa1 nia2
plants (Figure S4A). Analysis of distal tissues showed that a
WT-like fraction of 14C-AzA was transported to distal leaves ofnoa1 nia2 plants (Figure S4B). Together, these analyses sug-
gested that the noa1 nia2 plants were not defective in in planta
derivatization of AzA in the local leaves or its transport to distal
leaves. Similar results were also obtained with the rbohmutants
(Figures S4A and S4B). Interestingly, unlike the WT, the noa1
nia2 plants showed only a nominal increase in AzA levels after
pathogen infection (Figure 4D), suggesting that their defective
SAR was indeed likely associated with their inability to synthe-
size AzA. This raised the possibility that NO and/or ROS might
facilitate the chemical breakage of the C9 double bond in the
AzA precursor C18 FAs (Zoeller et al., 2012; Yu et al., 2013). To
test this, we assayed the conversion of 18:1, 18:2, or 18:3 FAs
to AzA or its intermediate, 9-oxononanoic acid (ONA), using
in vitro assays. These FAs were incubated in the presence of
DETA-NONOate, H2O2, or chemicals that generate superoxide
anion radical (photo-oxidation of methylene blue), and singlet
oxygen (H2O2 + methylene blue) (Mao et al., 1995; Bruchey
and Gonzalez-Lima, 2008). The resultant compounds were
analyzed by gas chromatography (GC)-mass spectrometry
(MS). ROS radicals had varying effects on FAs: superoxide anion
radicals were more effective on 18:2 and 18:3 FAs, and singlet
oxygen was equally efficient on all C18 FAs (Figure 4E). Exoge-
nous H2O2 or DETA-NONOate had no substantial effect on these
FAs, but H2O2 and CuSO4, which form hydroxyl radicals,
increased ONA and AzA levels (Figure 4E). This differential effect
of different radicals on FAs suggested that these radicals might
act in an additive manner to generate AzA or its precursor ONA.
Thus, NO-mediated increased accumulation of ROS serves as
one of the early events in SAR establishment, which feeds into
the G3P-dependent pathway that operates in parallel with SA
to induce SAR. The parallel signaling branches are likely advan-
tageous because they would provide multiple points of regula-
tion, and thus a tighter control of SAR, while also providing
opportunities for redundancies in recruiting signaling compo-
nents. There is in fact precedence for this type of signaling, given
the preference for branched pathways in most metabolic net-
works. For instance, NO has been shown to nitrosylate the cen-
tral SA signaling component NPR1 (Tada et al., 2008). NO also
regulates ROS levels by nitrosylating the RBOHD enzyme (Yun
et al., 2011). This might serve as a checkpoint for regulating
excessive ROS production, which has a repressive effect on
SAR (Figure 4F). However, RBOHF, which plays an equally
important role in SAR, is not nitrosylated by NO. This suggests
that other mechanisms might also be in place to regulate the
activities of various SAR components and/or to coordinate
signaling via SA andNO/ROS pathways. Thus, as in themamma-
lian innate immune response, a fine balance must be maintained
between the activation and inhibitory responses associated
with plant systemic immunity to allow for the optimal induction
of SAR.
EXPERIMENTAL PROCEDURES
Plant Growth Conditions and Pathogen Infections
Plants were grown in MTPS 144 Conviron walk-in chambers at 22C, 65%
relative humidity, and 14 hr photoperiod. The chambers were equipped with
cool white fluorescent bulbs (FO96/841/XP/ECO; Sylvania). The photon flux
density (PFD) of the day period was 106.9 mmoles m2 s1 (measured using
a digital light meter; Phytotronic). Inoculations with Pseudomonas syringaeCell Reports 7, 348–355, April 24, 2014 ª2014 The Authors 353
Figure 4. NO and ROS Act Upstream of the
AzA-G3P Pathway
(A) SAR response in distal leaves of Col-0 and
indicated mutants treated locally with SULFO-
NONOate or DETA-NONOate (100 mM each). The
virulent pathogen (DC3000) was inoculated 24 hr
after local treatments. Error bars indicate SD
(n = 4). Asterisks denote significant differences
with mock-treated plants (t test, p < 0.05) and re-
sults are representative of three independent
experiments.
(B) SAR response in distal leaves of Col-0, noa1
nia2, and rbohF plants treated locally with MgCl2,
avirulent pathogen (avrRpt2), and avrRpt2 + G3P
(100 mM). The virulent pathogen (DC3000) was
inoculated 48 hr after local treatments. Error bars
indicate SD. Asterisks denote significant differ-
ences with mock-treated plants (t test, p < 0.05)
and results are representative of three indepen-
dent experiments.
(C) G3P levels in petiole exudates collected from
mock- and avrRpt2-inoculated Col-0 and noa1
nia2 plants. Leaves were sampled 24 hr after
inoculations. Error bars indicate SD (n = 3).
Asterisk denotes significant difference between
exudates collected from mock- and avrRpt2-
inoculated plants (t test, p < 0.01). Results are
representative of three independent experiments.
(D) AzA levels (per gram fresh weight [FW]) in Col-0
and noa1 nia2 leaves 24 hr after mock and avrRpt2
inoculation. Error bars indicate SD (n = 3). Aster-
isks denote significant differences betweenmock-
and avrRpt2-inoculated samples (t test, p < 0.01)
and results are representative of three indepen-
dent experiments.
(E) Relative levels of AzA and ONA generated in
in vitro reactions where 18:1, 18:2, or 18:3 FAs
were incubated in dark or light with methylene
blue, H2O2, DETA-NONOate, or a combination
thereof. To assay the effect of hydroxyl radicals,
the FAs were incubated with H2O2 + CuSO4.
(F) Simplified model illustrating chemical signaling
during SAR. Inoculation of avirulent pathogen
triggers independent signaling events that lead to
accumulation of SA and NO. NO triggers synthesis
of ROS, which act in an additive manner to cata-
lyze oxidation of free C18 unsaturated FAs that are
released frommembrane lipids (Yu et al., 2013). NO andROS operate in a feedback loop. Oxidation of C18 FAs generates AzA, which triggers biosynthesis of G3P
via upregulation of genes encoding G3P biosynthetic enzymes. G3P and the LTPs DIR1 and AZI1 operate in a feedback loop and depend on each other for their
stability. The cellular NO levels are regulated via their storage into GSNO, which can be reduced to glutathione disulfide (GSSG) and NH3 by GSNOR.
See also Figure S4.DC 3000 were conducted as previously described (Xia et al., 2009; Chanda
et al., 2011). For analysis of SAR, the primary leaves were inoculated with
MgCl2 or avirulent bacteria (10
7 cfu ml1), and 24 hr later the systemic leaves
were inoculated with virulent bacteria (105 cfu ml1). Unless noted otherwise,
samples from the systemic leaves were harvested at 3 dpi. Petiole exudates
were collected as previously described (Chanda et al., 2011).
Detailed experimental procedures are included in the Supplemental Exper-
imental Procedures.
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